Introduction {#sec1-1}
============

Colorectal cancer is the most common digestive system cancer, and is the third leading cause of cancer death, following breast/prostate, and lung and bronchus cancer ([@ref1], [@ref2]). The treatment of colorectal cancer requires a multimodal approach, which comprises surgical resection of the tumor followed by chemotherapy and/or radiation therapy. Despite substantial progress being made in the therapy of colorectal cancer, emerging incidences of drug resistance often lead to chemotherapy failure, and impose high toxicity to bone marrow, the gastrointestinal tract, and the skin ([@ref3], [@ref4]). Therefore, it is needed for improving the treatment and finding a new target signaling pathways ([@ref5]).

Proteins of the hedgehog (Hh) signaling pathway are important regulators of human embryonic development. Genetic mutations of the Hh signaling molecules in cancer tissues and their expression appears to correlate with the occurrence, develop-ment and biological behavior of tumor cells ([@ref6]). Hh signaling molecules in mammals include three ligands (Sonic hedgehog---Shh, Indian hedgehog---Ihh, and Desert hedgehog---Dhh), two receptors (Ptch), a key signal transducer, and smoothened (Smo), and transcription factors (Gli-1, Gli-2, and Gli-3). If there are not ligands, the function of Smo is suppressed by some transmembrane protein, such as Patched (Ptch). Upon binding of an active Hh ligand, the activated Smo then relocalizes to the primary cilia and initiates an intracellular signaling cascade that eventually leads to the activation of the Gli transcription factor and the upregulation of the downstream target genes ([@ref7]). Among the three Gli family members, Gli-1 results in the activation of the Hh pathway downstream target genes, whereas Gli-3 is a repressor of the signaling, and Gli-2 acts as either a repressor or an activator, depending on specific circumstances ([@ref8]). Although aberrant activation of the Hh pathway has been reported in the oncogenesis of esophageal, small-cell lung, gastric, and pancreatic cancers, its role in colorectal cancer is not fully understood ([@ref9]).

In recent years, bioactive plant constituents have attracted the interest of researchers for their efficacy and low toxicity. Resveratrol (Res; 3,5,4´-trihydroxystilbene) is a naturally occurring poly-phenolic compound present in almost 70 plant species, including the skin of red grapes, peanuts, and berries ([@ref10]). Res can be used as an inhibitor for platelet aggregation, a cardiac protector, and an anticancer agent. In recent years, some findings indicated that Res could inhibited several cancers, such as lymphoma, breast cancer, and colon cancer, by different signaling pathway ([@ref11], [@ref12]). For colon cancer cells, the anti-proliferation and apoptosis-inducing effects of Res have already been validated, but the mechanism underlying these activities remains unclear.

In the present study, we assessed the effects of Res on human colorectal cancer HCT116 cells stimulated by Shh, and discussed Res's therapeutic mechanism involving hedgehog/Gli-1 signaling-related proteins. This study provides an experimental basis for a better understanding of Res molecular mechanisms, better treatment outcomes, and increases survival rates as an anticancer agent.

Materials and Methods {#sec1-2}
=====================

Reagents {#sec2-1}
--------

High purity Res was purchased from Sigma (USA). Res was dissolved in dimethyl sulfoxide (DMSO), which was added into the culture medium to obtain a 1 mmol/l stock solution; recombinant human Shh was purchased from Sigma (USA) and dissolved in PBS at the appropriate concentration; Dulbecco's Modified Eagle's Medium (DMEM) and fetal bovine serum (FBS) from Gibco Co, Ltd (USA); the Cell Counting Kit-8 was purchased from Dojindo Molecular Technologies, Inc., (USA); the Annexin V-FITC and PI-PE apoptosis kit was purchased from Becton, Dickinson and Company (USA); the primary antibodies Ptch, Smo and Gli-1 were purchased from Santa Cruz Co, Ltd (USA); enhanced chemiluminescence reagent was purchased from Pierce Biotechnology Inc (USA).

Cell culture {#sec2-2}
------------

The HCT116 human colon cancer cell line was purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, Shanghai Institute of Cell Biology, Chinese Academy of Sciences, (China). Cells were maintained in the DMEM with 10% FBS, 100 U/ml of penicillin, and 100 µg/ml of streptomycin at 37 °C in 5% CO~2.~

Administration and cell viability assay {#sec2-3}
---------------------------------------

HCT116 cells were stimulated with Shh at different concentrations (0.25, 0.50, 1.0 µg/ml) and different times (12 hr, 24 hr, 36 hr, 48 hr). Each group of HCT116 cells (10^4^/well) were plated in 96-well plates, in six replicates, and then incubated at 37 °C with 5% CO~2~ for 24 hr. To determine cell viability, Cell Counting Kit-8 (CCK-8) solution (20 µl) was added to each well for 4 hr, followed by absorbance measurements at 450 nm. CCK-8 was used in accordance with the reagent's instructions. The absorbance was detected by Multiscan Spectrum (BioTek Co, Ltd, USA). The results were described as the average of 6 counts.

According to the results of cell viability, we chose the appropriate time and concentration of Shh. In the next experiment, Shh and Res (25, 50, 100 μM) were added into the HCT116 cells at the same time.

Flow cytometric assay {#sec2-4}
---------------------

Cells were harvested after treatment with Shh and different concentrations of Res (25, 50, 100 μM) for 24 hr. Then, cells were washed with PBS (4 °C) and transferred to a tube in which annexin V and propidium iodide were added. The cells were then allowed to incubate at room temperature for 20 Min and analyzed using an FC500 flow cytometer (Beckman Coulter). Specific procedures were carried out according to manufacturer's instructions.

Data were analyzed with FCS Express 4. P1, dead cells; P2, dead/late apoptotic cells; P3, normal cells; P4, early apoptotic cells; P2+P4, total apoptotic cells.

Scratch test {#sec2-5}
------------

For a scratch test, HCT116 cells were monolayer cultured in 12-well plates and grown to 70% to 80% confluence. A scratch track was made using a 200-µl pipette tip, and the medium and any cell debris were removed. The plates were washed with PBS, and the cells were grown in fresh medium containing Res for a further 24 hr. Cell migration was observed under a bright-field microscope (Olympus, Tokyo, Japan) at a magnification of 100×. The relative migration distance was acquired by the following formula: the relative migration distance (%)= 100 (A-B)/A, where A represents the width of cell scratches before incubation, and B indicates the width of cell scratches after incubation. The migration distance was calculated independently in 3 experiments.

Western blot analysis {#sec2-6}
---------------------

Each group of HCT116 cells were washed with PBS three times, then lysed in cell lysis buffer with 1 mM PMSF at 4 °C for 30 min on ice, vortexing every 10 min, followed by centrifugation at 12,000 rpm for 10 min at 4 °C, and the supernatants obtained were diluted to 4 mg protein/ml and kept frozen at -80 °C until use. A total of 50 μg of denatured protein was separated by 10% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (PVDF membrane, Millipore, USA) and then incubated with primary antibodies of Ptch, Smo, Gli-1, and β-actin (1:1000) at 4 °C overnight. After washing with 0.05% Tween 20-PBS, membranes were incubated with secondary antibodies (1:40 000) conjugated with HRP for 2 hr at 37 °C. Then, the membranes were washed, and detection was achieved by measuring the chemiluminescence of the blotting agent after exposure of the filters on films. Finally, the densities of the bands were quantified with a computerized densitometer (ImageJ Launcher, Broken Symmetry Software). Equivalent protein loading and transfer efficiency were verified by staining for β-actin.

Statistical analysis {#sec2-7}
--------------------

Data are expressed as mean and standard deviation (SD). Unpaired 2-tailed Student's t-test was used to determine the statistical significance of the difference between two groups. A value of *P*\<0.05 was considered statistically significant. Calculations were performed using the SPSS version 13.0 statistical package.

Results {#sec1-3}
=======

Resveratrol inhibited the cell viability of HCT116 stimulated by Shh {#sec2-8}
--------------------------------------------------------------------

HCT116 cells were stimulated with Shh at different concentrations (0.25, 0.50, 1.0 µg/ml) and different times (12 hr, 24 hr, 36 hr, 48 hr). The cell viability significantly increased at the concentration (0.50, 1.0 µg/ml) on 24 hr. According to the cell viability results, we chose 0.50 µg/ml and 24 hr as the stimulus condition of Shh ([Figure 1A](#F1){ref-type="fig"}). In the next experiment, Shh (0.50 µg/ml) and Res (25, 50, 100 μM) were added into the HCT116 cells at the same time for 24 hr.

![The effects of sonic hedgehog (Shh) and resveratrol (Res) on HCT116 cell viability\
A: The effects of Shh on HCT116 cell viability. The cell viability significantly increased at the concentration (0.50, 1.0 µg/ml) on 24 hr B: The effects of Res on HCT116 cell viability stimulated by Shh. Res (50, 100 μM) obviously inhibited the cell viability stimulated by Shh Data are expressed as mean±SD. Six replicates for each group. \#*P*\<0.05, \#\#*P*\<0.01 versus Control; \**P*\<0.05, \*\**P*\<0.01versus Shh group](IJBMS-19-1171-g001){#F1}

The Shh group significantly increased the cell viability compared to the control group, while Res (50, 100 μM) obviously inhibited the cell viability stimulated by the Shh signaling pathway ([Figure 1B](#F1){ref-type="fig"}).

Resveratrol promoted HCT116 cells apoptosis stimulated by Shh {#sec2-9}
-------------------------------------------------------------

P2 (dead/late apoptotic cells) +P4 (early apoptotic cells) represented the percentage of apoptotic cells. Flow cytometric assay analysis showed that the Shh group significantly inhibited the cell apoptosis compared to the control group, while Res (50, 100 μM) obviously increased the percent of apoptotic cells stimulated by the Shh signaling pathway ([Figure 2](#F2){ref-type="fig"}).

![The effects of resveratrol (Res) on HCT116 cell apoptosis\
HCT116 cells were harvested, then stained with antibodies to annexin V and propidium iodide, and analyzed by flow cytometry. Res (50, 100 μM) obviously increased the percent of apoptotic cells stimulated by Shh. A: Dot plot stained with annexin V and propidium iodide. B: Histogram presentation of apoptotic cell percentages. Data are shown as the means±SD from 3 replicate experiments. ^\#^*P*\<0.05 versus Control; \**P*\<0.05, \*\**P*\<0.01 versus Shh group. P1, dead cells; P2, dead/late apoptotic cells; P3, normal cells; P4, early apoptotic cells; P2+P4, total apoptotic cells](IJBMS-19-1171-g002){#F2}

Resveratrol inhibited HCT116 cells migration stimulated by Shh {#sec2-10}
--------------------------------------------------------------

Scratch test experiments were performed to assess the effect of Shh and Res on the cell migration ability of HCT116 cells. Confluent cells were scraped across center of the well, and the remaining cells were incubated to migrate into the gap in the absence or presence of Shh and Res. After 24 hr incubation, the scratch gap was narrower in the Shh groups compared to the control group, indicating that Shh significantly promoted cell migration, while the scratch gap was wider in the Res groups, indicating that Res obviously inhibited the cell migration stimulated by the Shh signaling pathway ([Figure 3](#F3){ref-type="fig"}).

![Resveratrol (Res) inhibited the migration of HCT116 cells stimulated by sonic hedgehog (Shh)\
Res obviously inhibited the cell migration stimulated by Shh. A: Scratch-induced migration of cells into the scratched area was monitored after 24 hr. B: Quantification of cell migration. Data are shown as the means±SD from 3 replicate experiments. ^\#^*P*\<0.05 versus Control; \**P*\<0.05 versus Shh group](IJBMS-19-1171-g003){#F3}

Resveratrol inhibited the hedgehog/Gli-1 signaling pathway in HCT116 cells {#sec2-11}
--------------------------------------------------------------------------

To discuss the mechanism of Res on HCT116 cells, we detected the hedgehog/Gli-1 signaling pathway, including Ptch, Smo, and Gli-1. The results showed that in the Shh group the expression of Ptch, Smo, and Gli-1 was significantly increased, while Res inhibited the expression of Ptch, Smo, and Gli-1 stimulated by Shh ([Figure 4](#F4){ref-type="fig"}).

![Resveratrol (Res) inhibited hedgehog/gli-1 signaling on hct116 cells\
Res inhibited the expression of Ptch, Smo, and Gli-1 stimulated by Shh. A: The effects of Res on the expression of Ptch, Smo, and Gli-1. The expression was measured by Western blot. β-actin was measured as an internal control\
B: Densitometric analysis from the above immunoblots is shown as bar chart. The results are representative of 3 independent experiments. \#\#*P*\<0.01 versus control; \*\**P*\<0.01 versus Shh group](IJBMS-19-1171-g004){#F4}

Discussion {#sec1-4}
==========

The Hh pathway of morphogenic proteins is known to participate in several physiologic cellular processes. Hh signaling has been associated with embryogenesis, adult tissue homeostasis and repair, regulation of the epithelial-to-mesenchymal transi-tion, and the control of cell survival and proliferation ([@ref13]). The Shh signaling pathway, first identified in *Drosophila melanogaster*, may be a candidate for the mechanism behind surviving tumor cell growth. Moreover, many cancers are associated with Shh signaling, such as basal cell carcinoma, esophageal and stomach cancer, small-cell lung cancer, and pancreatic adenocarcinoma ([@ref14]). Shh pathway activation is initiated by binding of the secreted and lipid-modified ligand Shh to the Ptch transmembrane receptor. As a consequence, Ptch inhibition of Smo, a 7-pass transmembrane-spanning protein, is relieved, and the Shh signaling cascade is initiated, which in turn activates the Gli transcription factors. In the presence of Shh, Gli-1 is transcriptionally activated and then phosphorylated and proteolytic processing of Gli-2 and Gli-3 to their truncated repressor forms is inhibited, thus leading to the activation of specific Shh signaling pathway target genes, such as Gli-1 and Ptch ([@ref15]).

First, we detected the effects of Hh signaling on cell proliferation. The direct regulation of cell proli-feration by Hh signaling is shown in cultured cerebellar cells in the presence of recombinant Shh protein ([@ref16]). There is extensive *in* *vivo* evidence showing regulation of Hh signaling on cell proliferation. In this study, we also showed that the Shh group significantly increased the cell viability compared to the control group. The exact molecular mechanism of underlying cell proliferation regulation varies by cell type, but it is known that Hh signaling regulates the gene expression of cell cycle-related molecules, such as cyclin D2 and N-myc ([@ref7]). Therefore, in the next apoptosis study, we found that the Shh group significantly inhibited cell apoptosis compared to the control group, while Res (50, 100 μM) obviously inhibited cell viability and increased the percentage of apoptotic cells stimulated by the Shh signaling pathway. Furthermore, the effects of Res and Shh on human colorectal cancer HCT116 cells were in a dose- and time-dependent manner.

Hh signaling plays distinct roles in different types of cancer. Based on recent publications, there are three major roles of Hh signaling during cancer development: as a tumor development driver, a tumor promoter, or a regulator for residual cancer cells after therapy ([@ref17]). What are the effects of Hh signaling on cell migration? Increasing evidence indicates that Hh signaling plays an important role during tumor metastasis in several types of cancer, such as pancreatic and breast cancers ([@ref18], [@ref19]). Studies from many groups indicate activation of Hh signaling in the stromal cells as well as tumor compartments in metastatic pancreatic cancer ([@ref20]). The study showed that the inhibitors of Hh signaling could inhibited pancreatic cancer metastases. Hh signaling activation plays an important role in tumor metastasis, which was found both in the stroma and in the tumor compartment. The molecules that mediate Hh's metastatic functions remain largely untested, but there are reports to indicate the following molecules: snail, TGFβ, and Wnt ([@ref21], [@ref22]). In this study, we also showed that the Shh group significantly promoted the HCT116 cell migration compared to the control group, while Res obviously inhibited the HCT116 cells migration stimulated by the Shh signaling pathway.

We further explored the mechanisms by which Res obviously inhibited the cell viability and migration, and increased the percentage of apoptotic cells stimulated by the Shh signaling pathway. It was reported that Res suppresses the proliferation of a wide variety of tumor cells, including breast, colon, pancreas, stomach, prostate, ovary, liver, lung, and melanoma ([@ref23]-[@ref25]). In our experiment, we found that Res obviously inhibited the viability in HCT116 cells. Besides inhibiting proliferation, Res also induces apoptosis ([@ref26]). In this study, we found that Res inhibited HCT116 cell viability and migration and induced the HCT116 cell apoptosis stimulated by Shh signaling. We further detected the expression of the Hh signaling pathway and found that Res inhibited the expression of the Ptch, Smo, and Gli-1 Shh signaling pathways. The above results showed that the hedgehog/Gli-1 signaling pathways were involved in the inhibitory effect of Res on human colorectal cancer HCT116 cells.

Conclusion {#sec1-5}
==========

The current study demonstrated that Res inhibited HCT116 cell viability and migration and induced the HCT116 cells apoptosis stimulated by Shh signaling. The inhibitory effect of Res on hct116 cells may be mediated by hedgehog/Gli-1 signaling pathways. Thus, our results provided the experimental basis that Res can be used as a treatment option for colorectal cancer.
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